Introduction {#Sec1}
============

Mucopolysaccharidosis type I (MPS-1) is an autosomal recessive metabolic storage disease caused by the deficiency of *α*-[L]{.smallcaps}-iduronidase, resulting in accumulation of heparan and dermatan sulfate substrates (glycosaminoglycans) in various tissues.^[@CR1]^ Hurler\'s syndrome (HS) is the most severe phenotype, with symptoms appearing shortly after birth, characterized by upper airway obstruction and recurrent chest infections, hepatosplenomegaly, corneal clouding, cardiac dysfunction, skeletal abnormalities, progressive deterioration of the central nervous system and death in early childhood.^[@CR1],\ [@CR2],\ [@CR3],\ [@CR4],\ [@CR5],\ [@CR6],\ [@CR7]^ Hematopoietic stem cell transplantation (SCT) can prevent the progression of HS and provides maximal benefit when performed early in life.^[@CR6],\ [@CR8]^ Enzyme replacement therapy (ERT; Aldurazyme) became recently available for the treatment of MPS-1. However, intravenously administered enzyme will not cross the blood--brain barrier; therefore, SCT remains the treatment of choice in children with HS.

The estimated number of HS patients who underwent SCT worldwide, since the early 1980s, is more than 400 (based on European Blood and Marrow Transplantation (EBMT)- and Center for International Blood and Marrow Transplant Research databases). Donor engraftment after SCT leads to a rapid reduction of obstructive airway symptoms, hepatosplenomegaly and corneal clouding. Hydrocephalus is either prevented or stabilized and hearing impairment improves in many children.^[@CR9],\ [@CR10],\ [@CR11],\ [@CR12],\ [@CR13]^ Additionally, successful SCT averts death from cardiac dysfunction^[@CR2],\ [@CR5]^ improves growth and psychomotor development, and prolongs survival.^[@CR4],\ [@CR6],\ [@CR7],\ [@CR11],\ [@CR12],\ [@CR14]^ Significant and often progressive orthopedic anomalies persist however, despite successful SCT, often needing additional interventions.^[@CR6],\ [@CR11],\ [@CR12]^

While the quality of life of successfully transplanted children seems encouraging, the relatively high rates of graft failure (15--75%)^[@CR9],\ [@CR10],\ [@CR11],\ [@CR12]^ and 'transplant-related morbidity' limit its success.^[@CR9],\ [@CR10],\ [@CR15]^ Optimizing transplantation techniques resulting in less graft failure and less 'transplant-related morbidity/mortality' could improve the outcome of HS patients.

We now report data on 146 patients with HS transplanted in Europe between 1994 and 2004. We studied different conditioning regimens, donor types and cell sources to identify factors associated with graft failure and morbidity after SCT.

Methods {#Sec2}
=======

Collection of data {#Sec3}
------------------

All HS patients reported to the EBMT-registry between January 1994 and September 2004 were included. Since the follow-up of these patients was incomplete, an additional 'simple questionnaire' was prepared and sent to the various centers that transplanted these patients to complete the data set on (1) basic patient characteristics, (2) basic donor information (cell source, donor relationship, human leukocyte antigen (HLA)-matching and, in the case of cord blood (CB), cell count of the product, pre-transplant ERT), (3) conditioning regimen used, (4) survival and engraftment including chimerism and enzyme activity and (5) transplant-related morbidity and mortality with particular reference to graft-versus-host disease (GvHD), veno-occlusive disease (VOD), pulmonary complications (infection, idiopathic pneumonia syndrome/diffuse alveolar hemorrhage (IPS/DAH)).

Patients {#Sec4}
--------

From a total of 154 patients entered in the EBMT registry, questionnaires were completed in 146 patients (82 male/64 female). These were included in the analyses of outcomes. The diagnosis of HS was confirmed on the basis of the *α*-[L]{.smallcaps}-iduronidase activity in peripheral blood leukocytes, increased excretion of glycosaminoglycans in the urine and the clinical phenotype. The median age of diagnosis was 10.5 (range 0--55) months, while the median age at transplantation was 18 (range 1--96) months. The follow-up after first SCT was 44 (median; range 6--120) months. Patients were transplanted in 16 centers: Manchester (39), Lyon (20), Dublin (20), London (15), Paris (12), Utrecht (8), Monza (6), Hannover (5), Prague (5), Vienna (4), Zurich (4), Ghent (4), Padua (1), Jena (1), Leiden (1) and Nancy (1).

Groups to be analyzed: grafts and conditioning {#Sec5}
----------------------------------------------

HLA matching was based on high-resolution (HR) typing for class I and class II (10 antigens) for bone marrow (BM) and peripheral blood stem cell (PBSC) donors, and for CB donors lower resolution criteria were used (loci A and B by serology and DRB1 by HR typing). A DPB1 mismatch was not taken into account. Mainly due to retrospective HR typing in some centers, the number of patients transplanted with ⩾2 mismatches is relatively high. For the analyses, patients were simply divided into matched or mismatched group. CB grafts identical according to the lower resolution criteria mentioned above were regarded as matched. Other factors analyzed included (a) cell source (BM, PBSC, CB), (b) donor relationship and (c) T-cell depletion (TCD).

Conditioning regimens were grouped as follows: busulfan--cyclophosphamide 200 mg/kg, busulfan with high-dose cyclophosphamide (240--260 mg/kg), busulfan-targeting, fludarabine-based myeloablative (Flud-MA) and reduced-intensity conditioning (RIC). The various subgroups within the main groups are described (in the legend of [Table 2](#Tab2){ref-type="table"}).Table 2Univariate predictors of survival and being alive and engrafted*A&EAlive*n%*OR95*% *CI*P*-value*%*OR95*% *CI*P*-value*Overall1465685Age1460.980.96--1.010.231.020.99--1.050.23Gender1461.150.60--2.210.670.870.45--1.720.70Heterozygote donor^a^1461.460.41--5.20.900.490.055--4.320.52*HLA disparity* ^b^ Matched96641851 Mismatched5042**0.41**0.21--0.84***0.014***840.780.31--1.950.59*Conditioning* ^c^ Bu/Cy68531871 Bu/Cy^hi^30671.780.72--4.360.21800.550.57--5.790.32 Bu target1587**5.76**1.20--27.54***0.028***870.890.17--4.730.90 Flud-MA17702.130.67--6.710.19880.970.19--5.040.97 RIC1811**0.11**0.02--0.52***0.005***780.480.13--1.830.29*TCD* ^d^ No118641841 Yes2825**0.19**0.08--0.49***0.001***891.150.36--1.950.81*Donor* Family52581901 Unrelated^e^9455***0.91***0.46--1.800.78822.080.72--6.010.18*Source* BM103551841 PBSC20500.810.31--2.110.67954.020.51--32.020.19 CB^f^23651.510.59--3.880.39831.000.31--3.310.99*ERT* ^g^ No12755.9182.71 Yes1957.91.090.41--2.880.8794.73.770.48--29.750.21Abbreviations: A&E=alive and engrafted; BM=bone marrow; CB=cord blood; CI=confidence interval; ERT, enzyme replacement therapy; Flud-MA=fludarabine-based myeloablative; HLA=human leukocyte antigen; OR=odds ratios; RIC=reduced-intensity conditioning; TCD=T-cell depletion.^a^Unrelated donors were regarded as not carrying the *α*-[L]{.smallcaps}-iduronidase mutation.^b^From the matched donors, 46 were family members and 50 were unrelated. From the mismatched donors, 6 were family members and 44 unrelated: 32 had 1 mismatch, 6 had 2 mismatches and 11 more than 2 mismatches. From one patient, the mismatch grade is unclear.^c^Busulfan was given in the regular myeloablative doses (16 or 20 mg/kg) p.o., unless otherwise indicated. Groups were subdivided: Bu/Cy=busulfan+cyclophosphamide 200 mg/kg including one patient receiving+10 mg/kg thiothepa, Bu/Cy^hi^=busulfan+cyclophosphamide 240 or 260 mg/kg, Bu target=Bu/Cy (4) or Bu/Cy^hi^ (9) or Bu/Cy+fludarabine 150 mg/m^2^ (2), Flud-based myeloablation (MA)=Bu/Cy+fludarabine 150 mg/m^2^ (9) or busulfan+fludarabine 180 mg/m^2^ (4) or busulfan+melphalan 4 mg/kg+fludarabine 150 mg/m^2^ (4) and reduced-intensity conditioning (RIC)=melphalan 140 mg/m^2^+fludarabine 150 mg/m^2^ (8) or melphalan 140 mg/m^2^+TLI 2 Gy+fludarabine 150 mg/m^2^ (2) or busulfan 10 mg/kg+fludarabine 150 mg/m^2^ (2) and treosulfan 36 or 42 g/m^2^+fludarabine 150 mg/m^2^ (6). Busulfan target: either steady state 600--900 ng/ml (*n*=10) or daily areas under the curves (AUCs) of 17 500--25 000 *μ*g/l × h (*n*=5). Twelve received an adjusted dose on the second day. Busulfan was given either p.o. or i.v. No VOD was seen in this group.^d^CD3+ ranging from \<5 × 10^4^/kg to 10^7^/kg.^e^For unrelated donors, serotherapy was given: either ATG or Campath-1H depending on institutional protocols.^f^ Median cell dose of the CBs used was as follows: in NC/kg 7.8 (range 2.7--20.0) × 10^7^ and in CD34+/kg (*n*=13) 2.5 (1.1--10.0) × 10^5^. Three of the 23 patients received a CB from an HLA-identical sibling donor and the rest was unrelated.^g^ERT=enzyme replacement therapy, pre-SCT.*P*-values \<0.1 were selected for multivariate analysis. Bold and italic indicates the *P*-value, bold alone for the OR.

Donor chimerism was determined by various standard procedures (cytogenetic/molecular/X--Y FISH), depending on the center and grouped as follows: \>95, 75--95, 50--75, 25--50 and 11--25%. A donor chimerism of \>95% was regarded as having full donor chimerism (\>10 and \<95% as mixed chimerism).

Enzyme levels in leukocytes were measured (locally) by various standard procedures and grouped as follows: normal, high heterozygote for heterozygote individuals (15--25 nmol/h/mg) and low heterozygote for heterozygote individuals (4.5--15 nmol/h/mg).

Prophylaxis against GvHD consisted of cyclosporin (aiming at 100--200*μ*g/l) for all patients, ±addition of methylprednisolone (1--2 mg/kg/day) in the case of a CB donors and plus methotrexate (MTX) in the case of a unrelated donor (UD). In the case of a sibling donor, the use of MTX was based on institutional protocols. When in the case of TCD (by any method: for example, using antibodies, CD34+ selection), the number of cells was reduced \<50 000 CD3+/kg, no GvHD prophylaxis was given.

End points {#Sec6}
----------

Primary end points were the 'alive and engrafted' rate and 'survival' after the first SCT at the latest follow-up time point (at least \>6 months). 'Engraftment' was defined as a donor chimerism of \>10% and an *α*-[L]{.smallcaps}-iduronidase level of more than the lower limit of normal for the heterozygote individuals (\>4.5 nmol/h/mg). Patients receiving successful 'donor lymphocyte infusions (DLI)' (defined as subsequent increase of donor chimerism) because of mixed chimerism were regarded as successful transplants.

Secondary end points were transplantation-associated morbidity defined as acute GvHD or chronic GvHD, VOD and IPS/DAH. Acute GvHD was diagnosed and graded according to Glucksberg *et al.*^[@CR16]^ Severity of chronic GvHD was graded according to Shulman *et al.*^[@CR17]^ The diagnosis of VOD was made according to the Seattle or Baltimore criteria.^[@CR18]^ Other secondary end points were as follows: the effect of DLI given on mixed chimerism, 'alive and engrafted' and 'survival' after second and third SCTs, the effect of cell source (CB vs the combined group BM+PBSC) on mixed chimerism and the influence of period (1994--1998 vs 1999--2004) of transplantation on 'alive and engrafted' and 'survival' rate.

Statistical analysis {#Sec7}
--------------------

The associations between age, sex, donor relationship, heterozygote donor, stem cell source, HLA disparity, conditioning regimen used and TCD and the primary and secondary end points were analyzed in univariable and multivariable logistic regression analyses. Dichotomous outcomes (for example, alive and engrafted: yes/no) were used as dependent and predictors as independent variables. Univariable predictors of outcome that were statistically significant (*P*\<0.10) were selected for multivariable logistic regression analysis. Results are expressed as odds ratios (OR) and corresponding 95 percent confidence intervals (95% CI). CI not including 1 (*P*-values\<0.05) were considered statistically significant. The time to event (graft failure and dead) in association to the primary end point 'alive and engrafted' was expressed in Kaplan--Meier curves. Statistical analysis was performed using SPSS 12.1 (SPSS Inc., Chicago, IL, USA).

Results {#Sec8}
=======

Survival and 'alive and engrafted' rate {#Sec9}
---------------------------------------

The 'survival' and 'alive and engrafted' rate after first transplantation was 124/146 (85%) and 82/146 (56%), respectively. The overall 'alive and engrafted' rate after one to three transplantations was 111/146 (76%) with a survival rate of 118/146 (81%). At the time of analysis, some patients were awaiting a second graft. Twenty-two patients (15%) died after initial transplant, 19 from transplantation-related causes ([Table 1](#Tab1){ref-type="table"}). Infection, mainly viral, was the most prevalent cause of death.Table 1Mortality (overall) and morbidity (after first SCT)n%*Causes of death (after 1--3 SCTs)* Infection1510.0Viral Adeno, EBV and CMV8 RSV1Bacterial5Fungal1 GvHD3**2.0** Cardial/respiratory ECI2**1.4** VOD (+parainfluenza III/enterocolitis)2**1.4** DAH1**0.7** Multiorgan failure ECI1**0.7** Hurler (disease progression)4**2.7***Morbidity after first SCT* Acute GvHD (*n*=146)Grade I2617.8Grade II1510.3Grade III32.1Grade IV53.5 Chronic GvHD (*n*=114^a^)Limited64.1Extensive21.4 VOD (*n*=134) Pulmonary complications (ventilated) (*n*=132^b^)**128.3**IPS/DAH42.8Infection/ARDS74.8Pulmonary hypertension10.7Abbreviations: ARDS=acute respiratory distress syndrome; CMV=cytomegalovirus; DAH=diffuse alveolar hemorrhage; ECI=e causa ignota (= of unknown origin); GvHD=graft-versus-host disease; IPS=idiopathic pneumonia syndrome; RSV=respiratory syncytial virus; SCT=stem cell transplantation; VOD=veno-occlusive disease.^a^Patients at risk.^b^For 14 patients, data are missing.Values with no significance are shown in bold type.

The association between the various variables and the primary end points are shown in [Table 2](#Tab2){ref-type="table"}. Data for this analysis were complete for all variables. RIC (*P*=0.005), TCD (*P*=0.001) and HLA disparity (*P*=0.014) were found to be predictors for lower rates of being 'alive and engrafted'. Within the CB group, HLA disparity was not found to be a predictor for a lower 'alive and engrafted' rate (OR 0.88; 95% CI 0.16--4.87; *P*=0.88): after first CB transplant, 8/12 (6/6 match), 5/8 (5/6 match) and 2/3 (4/6 match) were successful. Busulfan targeting was a predictor for a higher rate of being 'alive and engrafted' (*P*=0.028). None of the characteristics clearly predicted survival and, therefore, predictors of the primary end point 'alive and engrafted' may be taken to be the predominant predictors of graft failure. In addition, Kaplan--Meier curves, showing the influence of conditioning, TCD and cell source on the end point 'alive and engrafted' over time are shown in [Figure 1](#Fig1){ref-type="fig"}.Figure 1Kaplan--Meier curves for being 'alive and engrafted'. Influence of (**a**) conditioning, (**b**) TCD and (**c**) cell source are shown. A&E, alive and engrafted; BM, bone marrow; Flud-MA=fludarabine-based myeloablative; PBSC, peripheral blood stem cell; RIC=reduced-intensity conditioning; TCD, T-cell depletion.

The multivariable analyses on the primary end point 'alive and engrafted' showed similar results to those of the univariable analysis ([Figure 2](#Fig2){ref-type="fig"}), except that the Flud-MA regimens were found to protect against graft failure in this analysis (univariable analysis *P*=0.19). After deleting the three patients who received successful DLI, Flud-MA regimen was no longer a predictor for a higher 'alive and engrafted' rate.Figure 2Multivariate predictors of being 'alive and engrafted' after first SCT. In the Flud-MA group: Bu/Cy/Flud was successful in 4/9 cases, Bu/Flud in 4/4 (of whom three patients received successful DLI because of progressive mixed chimerism) and Bu/Me/Cy in 4/4 cases. Without the three patients patients receiving successful DLI Flud-MA is no longer a predictor for a higher rate of being 'alive and engrafted'. Bu/Cy^hi^=busulfan/cyclophosphamide-high dose (either 240 or 260 mg/kg); Bu-target=doses adjusted busulfan; Flud-MA=fludarabine-based myeloablative conditioning; matching=matched donor vs mismatched donor (Id-donor denotes identical donor); OR=odds ratio; TCR=T-cell depletion; 95% CI=95% confidence interval.

There was no difference in outcome between the periods 1994--1998 and 1999--2004, although almost all TCD and RIC transplantations were performed in the second period ([Table 3](#Tab3){ref-type="table"}). In the earlier period, unrelated donor and mismatched donors were risk factors, but not in the later period.Table 3Univariate predictors of survival and being alive and engrafted for the period 1994--1999 and 1999--2004*(A&E): 1994--1998(A&E): 1999--2004*n(%)*OR95*% *CI*P*-value*n(%)*OR95*% *CI*P*-value*Overall51579556*HLA disparity* Matched3667160621 Mismatched1533**0.25**0.07--0.90***0.033***35460.530.22--1.220.13*Conditioning* ^a^ Bu/Cy3054136531 Bu/Cy^hi^17591.250.38--4.160.7213772.980.70--12.670.14 Bu target4752.630.24--28.200.431191**8.95**1.04--77.37***0.046*** Flud-based MA---------------17772.150.63--7.360.22 RIC---------------1811**0.11**0.02--0.56***0.008****TCD* ^b^ No4762---------61651 Yes40---------2429**0.22**0.08--0.61***0.004****Donor* Family2170129481 Unrelated30460.380.12--1.210.1066591.550.65--3.730.33*Source* BM4762156501 PBSC10---------19521.110.39--3.150.84 CB30---------2075**3.00**0.96--9.37***0.059*** ^c^Abbreviations: A&E=alive and engrafted; BM=bone marrow; CB=cord blood; CI=confidence interval; ERT=enzyme replacement therapy; Flud-MA=fludarabine-based myeloablative; HLA=human leucocyte antigen; OR=odds ratios; PBSC=peripheral blood stem cell; RIC=reduced-intensity conditioning; TCD=T-cell depletion.Multivariate analysis resulted in a similar outcome (predictors of being A&E) to that found in the overall group.^a^Busulfan was given in the regular myeloablative doses (16 or 20 mg/kg) p.o., unless otherwise indicated. Groups were subdivided as described in [Table 1](#Tab1){ref-type="table"}.^b^CD3+ ranging from \<5 × 10^4^/kg to 10^7^/kg.^c^In the multivariate analysis *P*=0.20.*P*-values \<0.1 were selected for multivariate analysis. Bold and italic indicates the *P*-value, bold alone for the OR.

Morbidity associated with SCT {#Sec10}
-----------------------------

Acute GvHD (⩾grade 2) was noted in 16% of patients ([Table 1](#Tab1){ref-type="table"}) and was found to be independent of sex, age at transplantation, matching, conditioning, cell source and donor relationship. A similar analysis for VOD showed, for every month older in age, 12% less chance of developing VOD (OR 0.88; 95% CI 0.81--0.97; *P*=0.009), while Bu/Cy^hi^ (OR 5.25; 95% CI 1.22--22.69; *P*=0.026) was a predictor for VOD. The median age of patients with a VOD was 9 (range 4--18) months. The multivariable analyses suggested only older age (9% less chance for every month older in age) to be a protector (OR 0.91; 95% CI 0.83--1.01; *P*=0.063) against VOD. Additionally, there was a nonsignificant trend to more pulmonary complications (*n*=11) in the mismatched group (OR 2.96; 95% CI 0.89--9.87; *P*=0.077). Morbidity rates associated with second SCT were similar to those after first SCT.

Chimerism and enzyme activity {#Sec11}
-----------------------------

Donor chimerism and enzyme activity after first SCT and overall are shown in [Table 4](#Tab4){ref-type="table"}. After first SCT, 58/82 (71%) patients achieved full donor chimerism. When subdivided by source, 44/67 (66%) for the combined BM/PBSC group and 14/15 (93%; 1 patient with 91% donor chimerism) of the patients receiving CB achieved full donor chimerism. The univariable analysis showed CB to be a predictor for developing full donor chimerism (OR 7.14; 95% CI 0.91--58.82; *P*=0.062). In the multivariable analyses (source and conditioning used: unadjusted *P*\<0.10), this association became significant (OR 9.31; 95% CI 1.06--82.03; *P*=0.044). The enzyme level in the CB group was normal in all (*n*=15; 100%) patients while only 72% (40/55; 12 missing of whom 6 were with mixed chimerism) had normal enzyme levels in the combined BM/PBSC group.Table 4Donor chimerism and enzyme activity in leucocytes (*α*-iduronidase in nmol/h/mg) in leukocytes*After first* n=*82Overall* n=*111Donor chimerism* ^a^*n* (%)*n* (%) \>95%58 (70.7)91 (81.9) 75--95%14 (17.1)11 (9.9) 50--75%7 (8.5)6 (5.4) \>10--50%3 (3.7)3 (2.7)*Enzyme activity* ^b^ Normal55 (67.1)74 (66.7) High heterozygote (15--25)10 (12.2)13 (11.7) Low heterozygote (5--15)5 (6.1)6 (5.4) Missing/not measured12 (14.6)17 (15.3)^a^The median level of mixed chimerism was 75 (15--91)%.^b^After first SCT (most recent measurement): from those who are having a full donor chimerism, 5 of the 58 patients measured had a heterozygote enzyme-activity. From those with a mixed chimerism, 10 of the 18 patients had a heterozygote enzyme activity.

Effect of DLI and outcome of second (and third) SCT {#Sec12}
---------------------------------------------------

Because of progressive mixed chimerism (progressive donor signal decrease in at least two chimerism measurements), 10 patients received DLI. The number of DLI given per patient varied from 1 to 17. The amount of CD3+ cells in the DLI varied from 2.5 × 10^4^ to 10^7^/kg. In three patients, a conversion in the mixed chimerism was seen. All other patients, with the exception of one who had a stable low level (16%) of donor chimerism, were re-transplanted. No toxicity was seen in any of the patients who received DLI.

Thirty-three patients were re-transplanted, three of whom received a third transplant. The 'alive and engrafted' rate for the second SCT was 79% (median follow-up 12; range 7--50 months): 16/21 (76.2%) using the same donor, 10/12 (83.3%) using a different donor, 16/19 after myeloablative conditioning and 10/14 after RIC. Two of three patients who received a third-SCT (20 and 28 months of follow-up) are alive with a functioning graft.

Discussion {#Sec13}
==========

In this European retrospective study on the outcome of SCT, HS, TCD and RIC were found to be risk factors for graft failure. Busulfan targeting influenced engraftment positively, while cell source used (BM, PBSC or CB) did not influence the end point. CB; however, was found to be a predictor for achieving full donor chimerism associated with normal enzyme levels.

Since the first published report of SCT for HS,^[@CR3]^ no large series has been published analyzing the risk factors for graft failure. The 'alive and engrafted' rates in this paper are similar to published data^[@CR10],\ [@CR11]^ as others have noted,^[@CR10],\ [@CR19]^ TCD was a risk factor for graft failure. Figures may even be overestimated since three patients receiving successful DLI, because of early mixed chimerism, were regarded as successful. Data in relation to HLA disparity and graft failure in HS are conflicting: Peters *et al.*^[@CR10]^ noted inferior outcome with HLA mismatch while Souillet *et al.*^[@CR11]^ did not. In the study by Souillet *et al.*,^[@CR11]^ 16/27 patients received a mismatched graft (1--4 mismatches) with no documented higher incidence of graft failure or GvHD. In this study, the largest series, including some (*n*=20) of the patients described by Souillet *et al.*,^[@CR11]^ HLA disparity was found to be a risk factor in the 1994--1998 period but not thereafter. Improved supportive care (for example, firmer GvHD prophylaxis) is probably an important factor in this observation. Additionally, the use of (mismatch) CB (mainly used after 1998) might have influenced the observation that mismatching was not associated with a higher incidence of graft failure after 1998, since mismatches in CB vs BM/PBSC are not biologically equivalent. Similar experience has been observed elsewhere.^[@CR12],\ [@CR20],\ [@CR21]^

Cell source (PBSC, BM or CB) was not found to influence the end point 'alive and engrafted'. An interesting observation, however, is that after first SCT, significantly more patients receiving CB achieved full donor chimerism in comparison with patients receiving PBSC/BM. Similar results have been observed in the above-mentioned studies and mixed chimerism was not seen.^[@CR12],\ [@CR21]^ Mixed chimerism was associated with lower enzyme levels in this study as in previous studies.^[@CR10],\ [@CR11]^ Although no large-scale studies have examined the impact of enzyme levels after SCT on long-term outcome, recent data appear to suggest that low levels may negatively influence neurocognitive outcome.^[@CR22]^ Future studies are eagerly awaited.

The observation of less mixed chimerism in patients receiving CB is intriguing. It might be that the higher degree of HLA mismatch^[@CR23]^ exerts a stronger graft-versus-marrow (GvM) effect. The fact that this GvM effect is associated with subclinical GvHD might be due to the fact that CB cells have a more naive phenotype. This might make the marrow more sensitive to GvM in comparison to the known target organs of GvHD. Another explanation might be the increased pluripotential capability of the CB stem cell, relative to adult stem cell, with higher proliferative potentials in comparison to BM.^[@CR24],\ [@CR25],\ [@CR26]^ We are aware from animal studies that the addition of mesenchymal stem cells to the SCT product results in less graft rejection, due to the immunomodulating potential of these cells.^[@CR27],\ [@CR28]^ Other advantages of CB include (1) lower rates for acute GvHD and extensive chronic GvHD in comparison to unrelated donors,^[@CR29],\ [@CR30],\ [@CR31],\ [@CR32]^ (2) immediate availability,^[@CR23]^ reducing the period between diagnosis and SCT (in this study 7.5 months), which might improve the long-term outcome, (3) reduced likelihood of transmitting infection (viral) and (4) the suggestion that a more primitive stem cell population might have a greater capacity for *trans*-differentiation.^[@CR24],\ [@CR25],\ [@CR26]^ This latter capability might be particularly important in SCT for inborn errors of metabolism, by theoretically improving delivery of enzyme to bone, cartilage and brain tissue. More research is warranted to study this hypothesis.

Inevitably, in the absence of international standardized conditioning protocols, various regimens have been challenged to improve the engraftment in SCT for HS: Souillet *et al.*,^[@CR11]^ as well as the Dublin group (unpublished data), have used higher doses of cyclophosphamide (240--260 mg/kg) with the aim of increasing myeloablation and immunosuppression/ablation, which failed to influence engraftment. Other groups have increased immunosuppression by adding fludarabine to a myelo-ablative regimen (Flud-MA) which, in the multivariable analysis, was found to be a predictor for a higher 'alive and engrafted' rate, in contrast to the results from the univariable analysis (*P*=0.19). Any improvement may have been partly offset due to the fact that this group contained relatively more patients receiving a TCD and HLA mismatch graft (three of whom received successful DLI), both being identified as risk factors for graft failure. Additionally, the Flud-MA group (*n*=17) consisted of three different regimens, including four patients receiving busulfan+melphalan. This combination is more myeloablative than busulfan alone.

Targeting the busulfan dose by pharmacokinetic monitoring has been shown to optimize myeloablation, reduce toxicity and increase engraftment rates, because of the known narrow therapeutic range and wide variability in busulfan exposure in children receiving oral busulfan.^[@CR33],\ [@CR34],\ [@CR35]^ In this study, busulfan targeting was associated with better engraftment. The optimized myeloablation might be required to overcome the effect of abundance of 'glycosaminoglycans' in the BM matrix, which has been suggested to negatively influence stem cell homing.^[@CR36]^ In line with this, we found RIC to be a risk factor for graft failure. Although for malignant and some nonmalignant diseases RIC is feasible^[@CR37],\ [@CR38]^ for genetic diseases (for example; HS, Thalassemia-major) RIC is associated with graft failure.^[@CR39]^

The incidence of GvHD and 'IPS/DAH' using BM/PBSCs reported by Peters *et al.*^[@CR9],\ [@CR10]^ was considerably higher than that observed in this series. While no obvious explanation is apparent, alternative conditioning and GVHD prophylaxis regimens may well be a factor.

Survival after second transplant was better in this study than reported by others (80 vs 50%),^[@CR40]^ and two of three patients achieved sustained engraftment following a third graft. There was no difference observed between patients receiving either a myeloablative or RIC second SCT and whether the same or an alternative donor was chosen. These data indicate that after an unsuccessful first SCT, a second SCT is a feasible option.

In conclusion, TCD and RIC were associated, in this series, with increased incidence of graft failure, while busulfan targeting (therapeutic drug monitoring) increased the likelihood of sustained engraftment. The same criteria may apply in relation to other inborn errors of metabolism and hemoglobinopathies. CB increased the likelihood of sustained engraftment associated with normal enzyme levels and could therefore be considered as a preferential stem cell source. A further study of long-term outcome on successfully transplanted patients is now proposed.
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